ABSTRACT During development, morphogens, such as retinoic acid (RA), act as mediators of intercellular communication systems to control patterning and cell fate specification processes. In vertebrates, the tightly regulated production and degradation of RA creates an anterior-posterior (A-P) morphogen gradient that is required for regional patterning of the embryo. RA catabolism in particular, mediated by members of the cytochrome P450 subfamily 26 (CYP26), has been highlighted as a key regulatory component for the formation of this gradient. RA-dependent developmental patterning is now widely recognized as a shared feature of all chordate groups (i.e. of vertebrates, tunicates, and cephalochordates). However, the evolutionary origin of the RA morphogen gradient still remains elusive. Thus, in the present study, we used pharmacological approaches to assess the roles of CYP26 enzymes in tissue-specific patterning processes in embryos and larvae of the cephalochordate amphioxus (Branchiostoma lanceolatum). Marker gene analyses revealed selective requirements for CYP26 activity in anterior endoderm, general ectoderm as well as central nervous system (CNS), but not in mesoderm. Furthermore, comparisons of the effects induced by CYP26 inhibition with those obtained by the pharmacological upregulation or downregulation of global RA signaling levels yielded evidence for a role of CYP26 in establishing an A-P RA gradient in the amphioxus embryo, important at least for patterning the CNS. Altogether, this work hence highlights the involvement of CYP26 in tissue-specific modulations of RA signaling activity in the amphioxus embryo and suggests that a RA morphogen gradient already functioned in the last common ancestor of all chordates.
Introduction
In vertebrates, normal embryonic development requires a very tightly controlled balance of the total amount of available retinoic acid (RA), a vitamin A-derived morphogen. This balance is maintained through RA production by RALDH (retinaldehyde dehydrogenase) and RA degradation by CYP26 (cytochrome P450 subfamily 26) enzymes (Carvalho and Schubert, 2013; Dobbs-McAuliffe et al., 2004; Rydeen et al., 2015) . In a target cell, the biological response to endogenous RA is mediated by heterodimers of two nuclear receptors, the retinoic acid receptor (RAR) and the retinoid X receptor (RXR), with the expression levels of RAR in particular being tightly linked to the availability of endogenous RA (Blomhoff and Blomhoff, 2006; Campo-Paysaa et al., 2008; Carvalho and Schubert, 2013) .
The majority of these phenotypes can be explained by the requirement of CYP26 enzymes for the creation of RA gradients along the anterior-posterior (A-P) axis of the embryo. These gradients are characterized by high RA levels at the head-trunk boundary, a territory marked by conspicuous mesodermal RALDH expression, and decline both anteriorly and posteriorly (Rydeen et al., 2015; Schilling et al., 2016; Shimozono et al., 2013; White et al., 2007) . Although the establishment of these morphogen gradients generally depends on intricate feedback mechanisms within the RA signaling cascade, CYP26 enzyme function both anteriorly and posteriorly in the embryo is critically required for initiation and maintenance of these gradients (Schilling et al., 2016) .
Here, we investigate the tissue-specific roles of RA degradation during development of the cephalochordate amphioxus (Branchiostoma lanceolatum) in an effort to obtain insights into the evolution of RA gradients in chordates. Amphioxus possesses three CYP26 genes (CYP26-1, CYP26-2, and CYP26-3), which originated by lineage-specific duplication and form a single cluster in the genome (Albalat and Cañestro, 2009; Carvalho et al., 2017) . As in vertebrates, the amphioxus CYP26 enzymes assume two main functions during development that have been sub-functionalized, with CYP26-2 mediating RA-dependent developmental patterning and CYP26-1 and CYP26-3 assuming the protection of the embryo against RA teratogenicity (Carvalho et al., 2017) . However, details about the tissue-specific actions of CYP26 during amphioxus development as well as data supporting or refuting the existence of a RA gradient in the amphioxus embryo still remain elusive.
We thus used pharmacological inhibition of CYP26 enzyme function to characterize the roles of CYP26 in tissue-specific patterning processes during amphioxus development. Furthermore, we compared and contrasted the effects of CYP26 inhibition with those obtained by treatments with RA or a RAR antagonist, hence allowing an estimate of the importance of RA degradation in the global regulation of the developmental RA signaling system. Tissuespecific phenotypes in endoderm, mesoderm, ectoderm, and CNS were analyzed by assaying expression of six tissue-specific marker genes, En (Engrailed), Pax2/5/8 (Paired box 2/5/8), Pitx (Pairedlike homeodomain), Pax6 (Paired box 6), Tlx (T-cell leukemia homeobox), and Prdm12 (PR/SET domain 12) (Beaster-Jones et al., 2008; Boorman and Shimeld, 2002; Glardon et al., 1998; Holland et al., 1997; Holland and Holland, 1998; Kaltenbach et al., 2009; Kozmik et al., 1999; Lu et al., 2012; Schubert et al., 2005; Schubert et al., 2006; Somorjai et al., 2008; Soukup et al., 2015; Thélie et al., 2015; Yasui et al., 2000; Zieger et al., 2016) . Altogether, this work establishes that CYP26 function is a crucial component of the overall developmental RA signaling system, modulating RA activity in very specific domains of the embryo: the anterior endoderm, the anterior-and posterior-most ectoderm, and along the A-P axis of the CNS, but not in the mesoderm. The results are further consistent with a role for CYP26 enzymes in establishing a RA morphogen gradient along the A-P axis of the amphioxus embryo that is required for patterning, at least, the developing CNS. This finding suggests that the last common ancestor of all chordates already possessed an intricate and tightly regulated RA signaling system capable of creating an efficient A-P RA morphogen gradient required for the regionalization of the CNS.
Results

CYP26-2 expression as a proxy for endogenous retinoic acid degradation in developing amphioxus
The expression of the three amphioxus CYP26 genes (CYP26-1, CYP26-2, and CYP26-3) has previously been described in B. lanceolatum embryos and larvae (Carvalho et al., 2017) . It has thus been shown that transcription of CYP26-1 and CYP26-3 is extremely low during development, while that of CYP26-2 is highly conspicuous and tissue-specific (Carvalho et al., 2017) . In addition, alterations of RA signaling levels affect CYP26-1 and CYP26-3 expression much more strongly than that of CYP26-2 (Carvalho et al., 2017) . For these reasons, we concluded that CYP26-1 and CYP26-3 likely assume the protection of the embryo from fluctuating RA levels, while CYP26-2 mediates RA-dependent developmental patterning (Carvalho et al., 2017) . We hence decided to assay the expression of CYP26-2 to characterize patterning-related RA degradation activity in developing amphioxus embryos and larvae.
As previously described (Carvalho et al., 2017) , at 18 hpf (hours post fertilization), CYP26-2 is expressed in the rostral ectoderm and anterior endoderm, in the two anterior-most somites, in the cerebral vesicle (CV) of the CNS as well as in the posterior region, in a domain corresponding to the tail bud ( Fig. 1 A-A'') . Later, at 21 and 24 hpf, inconspicuous expression of CYP26-2 is further found in the posterior-most ectoderm overlying the tail bud as well as in individual ectodermal cells along the flanks of the embryo (Fig. 1 B-C''). At these stages, an additional CYP26-2 domain appears in the ventral region of the forming pharynx that is maintained through subsequent development ( Fig. 1 B-D'' ). Finally, in early larvae, at 36 hpf, the gene is no longer detectable in the anterior-most ectoderm, but it is still expressed in all the other domains ( Fig. 1 E-E'').
Treatment with the CYP26 inhibitor R115866 generally leads to an expansion of CYP26-2 expression during development. At 18 hpf, for instance, the domain in the posterior tip of the embryo is enlarged ( Fig. 1 F-F'') , and, by 21 and 24 hpf, the CYP26-2 domains in the anterior ectoderm and endoderm as well as in the CNS are expanded posteriorly (Fig. 1 G-H'' ). This upregulation of CYP26-2 in anterior and posterior tissues becomes even more conspicuous at 30 hpf ( Fig. 1 I-I'') , and, by 36 hpf, the signal has spread throughout most of the early larva, most noticeably in general ectoderm and CNS ( Fig. 1 J-J'' ). Treatments with exogenous RA generally induce a similar expansion of CYP26-2 expression in the amphioxus embryo ( Fig. 1 K-O'' ). However, compared to the CYP26 inhibitor, RA elicits a stronger response at 18 and 21 hpf (Fig. 1 F-G '',K-L''), a similar one at 24 and 30 hpf ( Fig. 1 H-I '',M-N''), and a weaker one at the 36 hpf ( Fig. 1 J-J'',O-O''). Thus, at 18 and 21 hpf, conspicuous CYP26-2 staining is observed anteriorly and posteriorly as well as along almost the entire A-P axis of the general ectoderm ( Fig. 1 K-L'' ), while at 36 hpf, expression of the gene appears only slightly upregulated in the anterior regions of the larva and along the CNS (Fig. 1 O-O'' ). In contrast, treatment with the RAR antagonist BMS493 induces no noticeable changes of CYP26-2 expression anteriorly, but abolishes the posterior signal ( Fig. 1 P-T'') .
Altogether, these results show that CYP26-2 is expressed in anterior mesoderm and endoderm, the general ectoderm and CNS, most prominently in anterior and posterior territories of developing amphioxus embryos and larvae. Furthermore, the pharmacological treatments along with previous morphological studies (Carvalho et al., 2017) suggest that CYP26 function is required for the tissuespecific regulation of RA signaling activity during amphioxus development. To further characterize the involvement of CYP26 enzymes in RA-dependent patterning processes, we next analyzed expression of a series of tissue-specific marker genes in amphioxus embryos and larvae following pharmacological treatments.
CYP26 action is not involved in patterning the anterior amphioxus mesoderm
Because CYP26 is conspicuously expressed in the mesoderm, we first characterized the potential action of CYP26 in this tissue. We thus assessed the expression of two mesodermal markers, En and Pax2/5/8, in embryos and larvae treated with R115866 and compared the results to embryos and larvae treated with RA or BMS493. It should be noted that expression profiles of En and Tissue-specific CYP26 functions in amphioxus 737 Pax2/5/8 during amphioxus development have previously been described in the Florida amphioxus, B. floridae (Beaster-Jones et al., 2008; Holland et al., 1997; Holland and Holland, 1998; Kozmik et al., 1999) , establishing that they are indeed expressed in mesodermal structures. Moreover, Pax2/5/8 expression has also been characterized in the amphioxus species used in this study, B. lanceolatum (Somorjai et al., 2008) , and, following treatments with R115866, RA or the RAR antagonist BMS009, in developing B. floridae, albeit only at specific developmental stages (Koop et al., 2014; Schubert et al., 2006) .
During B. lanceolatum development, the early mesodermal expression of En, from 18 through 24 hpf, is restricted to the posterior wall of the newly-formed somites, forming a striped pattern that progresses posteriorly with the elongation of the embryo ( 
mM). (K-O'') all-trans retinoic acid (RA) treatments (final concentration: 0.1 mM). (P-T'') RAR antagonist (BMS493) treatments (final concentration: 1 mM). (A-E,F-J,K-O,P-T) Lateral views with anterior to the left and dorsal side up. (A'-E' ,F'-J' ,K'-O' ,P'-T') Close-up of regions of interest highlighted by dashed boxes in the lateral views. (A''-E'' ,F''-J'' ,K''-O'' ,P''-T'') Dorsal views with anterior to the left. Developmental stages are given as hours post fertilization (hpf) at 19°C. For controls, tissues expressing the gene are marked as described in the legend. For treatment conditions, marked areas highlight expression changes (see main text for details). Black arrows indicate loss of Pax6 expression. Scale bar in (A) is 100 mm and also applies to (A-E,A''-E'' ,F-J,F''-J'' ,K-O,K''-O'' ,P-T,P''-T''). Scale bar in (A') is 50 mm and also applies to (A'-E' ,F'-J' ,K'-O' ,P'-T'). CNS, central nervous
These results thus suggest that RA degradation mediated by CYP26 is not overtly involved in the developmental patterning of the mesoderm. This finding is consistent with previous reports assessing the functions of RA signaling in developing amphioxus (Bertrand et al., 2015; Carvalho et al., 2017; Koop et al., 2014; Schubert et al., 2005) .
CYP26 is a key factor in the establishment of anterior endodermal structures in amphioxus
In previous reports, it has been suggested that CYP26 action is required for patterning the anterior amphioxus endoderm, with the inhibition of CYP26 activity leading to the loss of mouth, gill slits, endostyle, and club-shaped gland (Carvalho et al., 2017; Koop et al., 2014) . To complement these results, we characterized the impact of treatments with CYP26 inhibitor, RA or RAR antagonist on the endodermal expression of Pax2/5/8, Pitx, and Pax6 in B. lanceolatum embryos and larvae. The developmental expression of all three genes has previously been established in B. floridae (Boorman and Shimeld, 2002; Glardon et al., 1998; Kozmik et al., 1999; Soukup et al., 2015) , those of Pax2/5/8 and Pitx have also been reported in B. lanceolatum (Somorjai et al., 2008; Soukup et al., 2015) , and that of Pitx also in B. japonicum (Yasui et al., 2000) . Moreover, effects of R115866, RA, and the RAR antagonist BMS009 have been assessed for Pax2/5/8 and Pitx in B. floridae, but exclusively in mid-neurulae and early larvae (Koop et al., 2014; Schubert et al., 2005; Schubert et al., 2006) .
In the endoderm, expression of B. lanceolatum Pax2/5/8 is first detectable anteriorly at 21 hpf ( Fig. 3 A-A'' ). Subsequently, at 24 hpf, Pax2/5/8 expression in the anterior endoderm becomes subdivided into three individual domains: the first one, localized anteriorly, is in a territory giving rise to Hatschek's left and right diverticula, the second one is located slightly posteriorly, where the mouth will penetrate, and the third one is in the ventral endoderm on the left side of the forming pharynx where the gill slits will form (Fig. 3 B-B'' ). At 30 and 36 hpf, Pax2/5/8 expression in the amphioxus pharyngeal endodermal is detectable in different structures: on the left side, transiently in Hatschek's left diverticulum and where the mouth will open, on the right side, in the endostyle, and, ventrally, where the gill slits will penetrate (Fig. 3 C-D'' ). Concerning Pitx, at 24 hpf, this gene is expressed exclusively on the left side in the anterior half of the endoderm (Fig. 4 A-A'' ). During subsequent development, at 30 and 36 hpf, expression of Pitx becomes restricted to the left side of the pharyngeal endoderm and to the developing club-shaped gland, on both the left and the right side of the body (Fig. 4 B-C'' ). This bilateral signal of Pitx in the B. lanceolatum club-shaped gland contrasts with previous reports in B. japonicum, where the clubshaped gland-associated expression of the gene seems to be limited to the left side (Yasui et al., 2000) . Finally, for Pax6, the first endodermal expression of this gene is observable at 18 hpf, in anterior cells located dorsolaterally on either side of the endoderm, marking the presumptive territories of Hatschek's left and right diverticula (Fig. 5 A-A'' ). During subsequent development, Pax6 remains detectable in both of these endodermal pouches without extending to any other endodermal structure (Fig. 5 B-D (Fig. 3 G-H'' ). R115866 also restricts endodermal Pitx expression along the A-P axis starting at 24 hpf in a posterior to anterior progression (Fig. 4  D-F'' ). Expression in the club-shaped gland is also completely lost following CYP26 inhibition (Fig. 4 E-F''), with only the Pitx signal in Hatschek's left diverticulum still being discernable in the endoderm at 36 hpf (Fig. 4 F-F'' ). In contrast, treatment with R115866 does not affect endodermal Pax6 expression until 30 hpf (Fig. 5 F-H''), when the signal is no longer observable in Hatschek's right diverticulum and is downregulated in Hatschek's left diverticulum, albeit not completely ( Altogether, these results thus support previous findings (Carvalho et al., 2017; Koop et al., 2014) suggesting that CYP26 is required for both regional patterning of the endoderm and the development of specific pharyngeal structures.
CYP26 plays a major role in patterning specific ectodermal sensory neuron populations
Given the role of RA signaling in patterning the amphioxus general ectoderm and the scattered expression of CYP26-2 in this tissue (Carvalho et al., 2017) , we next assessed the effects of CYP26 inhibition in the general ectoderm by assessing expression of Pax6, Tlx as well as Prdm12. The expression profiles of Pax6 and Tlx have previously been described during B. floridae development (Glardon et al., 1998; Kaltenbach et al., 2009; Lu et al., 2012) and those of Tlx have been reported in developing B. lanceolatum (Zieger, 2016) . Furthermore, the effects of RA and BMS493 on Tlx expression have been assessed in B. lanceolatum (Zieger, 2016) .
Ectodermal expression of Pax6 is detectable at 18 hpf in the most anterior region of the ectoderm, where it persists until early larval stages (Fig. 5 A-E'' ). Tlx expression in the ectoderm commences at 18 hpf as a continuous domain in the ventral ectoderm and is further detectable in ectodermal sensory neuron (ESN) progenitors (Kaltenbach et al., 2009) emanating from this ventral domain and migrating dorsally (Fig. 6 A,A'' ). This expression pattern is largely maintained at 21 and 24 hpf (Fig. 6 B,B '',C,C''), although, by 24 hpf, the continuous ventral expression of Tlx is resolved into a spotty pattern marking individual ectodermal cells (Fig. 6 C,C'') . By 30 hpf, Tlx is no longer detectable in the ventral ectoderm, but expression persists in ESN progenitors
Tissue-specific CYP26 functions in amphioxus 741 dispersed along the lateral ectoderm (Fig. 6 D,D'' ). Similar to Tlx, at 21 and 24 hpf, Prdm12 is expressed transiently and very inconspicuously in individual cells of the ventral ectoderm (Fig.  7 A,A',B,B'' ). In contrast, by 30 hpf, Prdm12 expression in the ectoderm is completely downregulated (Fig. 7 C-D') .
Treatments with R115866 affect the ectodermal expression of both Pax6 and Tlx. Thus, while R115866 does not affect early expression of Pax6 in the rostral ectoderm between 18 and 24 hpf (Fig. 5 F-H'' ), the signal is less conspicuous at 30 and 36 hpf (Fig. 5 I-J'' ). For the ectodermal expression of Tlx, no effects of R115866 are discernable until 24 hpf (Fig. 6 E,E'',F,F''). At this stage, the treatments seem to shift the distribution of Tlx-positive ESN progenitors anteriorly (Fig. 6 G,G'' ), a trend that is somewhat more pronounced at 30 hpf (Fig. 6 H,H'') . In contrast to Tlx, we were unable to document an effect of R115866 treatments on the Prdm12-expressing ESN progenitor population (Fig. 7 E,E'',F,F''). Consistent with the results obtained with R115866, exogenous RA also affects the expression of both Pax6 and Tlx in the ectoderm. However, RA weakens Pax6 expression in the anterior ectoderm already by 18 hpf (Fig. 5 K-K'' ) and completely downregulates ectodermal Pax6 expression by 24 hpf (Fig. 5 L-O'' ). RA treatments also affect the distribution of Tlx-expressing ESN progenitors along the A-P axis at 24 and 30 hpf, shifting them towards more anterior levels of the ectoderm (Fig. 6 I,I '',J,J'',K,K'',L,L''). For Prdm12, it was again difficult to assess the effects of the treatments (Fig. 7 I,I '',J,J''). BMS493 treatments might somewhat weaken the rostral ectodermal expression of Pax6, although this effect is not consistently seen in all assayed stages (Fig. 5 P-T'') . Conversely, the RAR antagonist might increase the overall number of Tlx-expressing cells at 24 and 30 hpf (Fig. 6 O,O'',P,P''). For Prdm12, no unequivocal effect on its ectodermal expression was observed upon treatment with BMS493 (Fig. 7 M-N') .
Taken together, these results are consistent with a role for CYP26 enzymes in mediating RA-dependent patterning processes in different regions of the developing ectoderm. Furthermore, they support previous findings suggesting an implication of RA signaling in neural specification processes in the amphioxus ectoderm , Zieger, 2016 ).
CYP26 has a major influence on the establishment of anterior-posterior identity in the developing amphioxus central nervous system
The importance of RA signaling for patterning the developing amphioxus CNS has been well documented in the literature (Escriva et al., 2002; Holland and Holland, 1996; Schubert et al., 2006) , but the roles for CYP26 in this process remain elusive. Given that our six marker genes, En, Pax2/5/8, Pitx, Pax6, Tlx, and Prdm12, are expressed in different regions of the developing CNS, we next studied their expression in embryos and larvae treated with R115866 and compared the resulting patterns to those obtained in embryos and larvae treated with either RA or BMS493. The CNS expression of these genes has previously been described for En, Pax2/5/8, Pitx, Pax6, and Tlx in B. floridae (Beaster-Jones et al., 2008; Boorman and Shimeld, 2002; Glardon et al., 1998; Holland et al., 1997; Holland and Holland, 1998; Kaltenbach et al., 2009; Kozmik et al., 1999) , for En, Pax2/5/8, Pitx, and Prdm12 in B. lanceolatum (Somorjai et al., 2008; Thélie et al., 2015) as well as for Pitx in B. japonicum (Yasui et al., 2000) . Of note, only the expression of B. floridae Pax2/5/8 has already been analyzed in the CNS of embryos and larvae following treatments with RA or the RAR antagonist BMS009 (Schubert et al., 2006) .
The expression domains of the six marker genes along the A-P axis of the developing amphioxus CNS can chiefly be subdivided into three main territories: the CV, the CNS region located posterior to the CV but anterior to the primary pigment spot (PPS), and the CNS region located posterior to the PPS (Albuixech-Crespo et al., 2017; Candiani et al., 2012) . In the following, we will discuss the effects of the pharmacological treatments on gene expression in each one of these three territories, in an anterior-to-posterior progression. Thus, the amphioxus CV is characterized by expression of Pax6, Prdm12, En, and Tlx. Pax6 is expressed in two domains of the CV, an anterior one, first detectable at 24 hpf, and a posterior one, already discernable at 18 hpf (Fig. 5 A-E'' ). Expression of Prdm12 in the CV turns on even later, at 30 hpf, and is limited to a few cells close to the neuropore (Fig. 7 C-D') . En is expressed in a similar region of the CV, but not before 36 hpf (Fig. 2 E,E') . Finally, the Tlx signal is detectable by 18 hpf in a bilateral cluster of cells located at the posterior end of the CV (Fig. 6 A-D' ). CYP26 inhibition affects expression of Pax6, Prdm12, and Tlx in the CV. R115866 treatment hence reduces the number of Pax6-positive cells in both the anterior and posterior expression domains in the CV, with the effect on the former being observable by 24 hpf and that on the latter by 36 hpf (Fig. 5 F-J'') . Similarly, following CYP26 inhibition, the CV-associated expression of Prdm12 is much less conspicuous at 36 hpf (Fig. 7 H,H' ). Of note, although expressed in the same region of the CV, the En signal is unaffected by CYP26 inhibitor treatments (Fig. 2 J,J' ). Contrasting the effects on Pax6 and Prdm12, Tlx expression in the CV is expanded by R115866, with the appearance of supernumerary Tlx-positive cells in the posterior CV at 30 hpf (Fig. 6 H,H' ). The effects induced by exogenous RA are generally comparable to those obtained by CYP26 inhibition. RA thus reduces the number of stained cells both in the anterior and posterior expression domains of Pax6 in the CV, the former by 24 hpf, which is similar to R115866, and the latter by 30 hpf, which is earlier than what is observed with R115866 ( Fig. 5 M-N'' ). Likewise, Prdm12 expression in the CV at 36 hpf is less conspicuous in embryos treated with RA ( Fig. 7 L,L' ), while En expression in the CV is generally unaffected (Fig. 2 O,O' ). Finally, like R115866, exogenous RA also induces an increase in the number of Tlx-positive cells in the CV (Fig. 6 L,L' ). Contrary to the effects observed with either R115866 or RA, BMS493 treatments do not affect the CV-associated expression of Pax6 (Fig. 5 P-T''), Prdm12 (Fig. 7 O-P'), En (Fig. 2 T-T') or Tlx (Fig. 6 M-P') . These results thus suggest that normal CV patterning does not require active RA signaling and that endogenous RA levels in this anterior-most part of the developing amphioxus CNS are kept low by the activity of CYP26 enzymes.
In the second A-P CNS territory, located posterior to the CV but anterior to the PPS, Prdm12, Pax2/5/8, En, and Tlx are expressed. In this region, Prdm12 is first detectable in a few cells located just anterior to the PPS at 24 hpf (Fig. 7 B,B' ). This domain is subsequently expanded further anteriorly at 30 and 36 hpf (Fig. 7 C-D' ). Pax2/5/8 is expressed along the entire CNS, excluding the CV, from 21 to 36 hpf (Fig. 3 A-D'') , and, at least between 18 and 24 hpf, is thus significantly overlapping the CNS domain of En (Fig. 2  A-C') . Finally, Tlx is detectable at 24 hpf in a single bilateral cluster of cells located anteriorly to the PPS (Fig. 6 D,D' ). In the region posterior to the CV and anterior to the PPS, CYP26 inhibition only affects the expression of Prdm12 and Tlx. Thus, R115866 treatment precociously induces Prdm12 expression, at 21 hpf instead of 24 hpf in controls, and expands the signal anteriorly to the posterior limit of the CV (Fig. 7 E,E',F,F',G,G',H,H') . Furthermore, treatments with CYP26 inhibitor completely abolish the Tlx cluster located just anterior to the PPS at 30 hpf (Fig. 6 H,H') . Consistent with the effects induced by R115866, exogenous RA also leads to an earlier onset of Prdm12 expression, at 21 hpf instead of 24 hpf, as well as to an anterior expansion of the Prdm12 domain, which might be slightly less dramatic in RA-treated than R115866-treated animals at 30 and 36 hpf (Fig. 7 I,I ',J,J',K,K',L,L'). RA treatments further eliminate the Tlx cluster located between the CV and the PPS (Fig. 6 L,L' ). Of note, a previous report described an effect of RA treatments on the expression of B. floridae Pax2/5/8 in the CNS (Schubert et al., 2006) , which contrasts with the findings reported here (Fig. 3 I-L'' ). The use of a significantly higher final concentration of RA in this previous work (1mM compared to 0.1mM) very likely explains the different results obtained. Coming back to our study, in the territory posterior to the CV but anterior to the PPS, BMS493 treatments lead to a delayed onset of Prdm12 expression, which remains undetectable until 30 hpf (Fig. 7 O,O' ), and to a subsequent downregulation by 36 hpf (Fig. 7 P,P') . Surprisingly, similar to the effects induced by R115866 and RA, BMS493 treatments also induce a loss of the Tlx-positive cell cluster located anteriorly to the PPS (Fig. 6 P,P' ). In this CNS territory, both the upregulation and downregulation of RA signaling hence induce the mispatterning of specific neural populations, suggesting that these cells require intermediary RA levels for their proper specification.
In the third CNS territory, located posterior to the PPS, Pax2/5/8, En, Pitx, Prdm12, and Tlx are expressed. While Pax2/5/8 is conspicuously expressed in this region at 21 and 24 hpf, the signal weakens at 30 and 36 hpf (Fig. 3 A-D'' ). In contrast, En is only detectable in a few cells just posterior to the PPS after 24 hpf (Fig. 2 C-E') . At that stage, Pitx expression is limited to a small cluster of cells located just posterior to the En-positive cells (Fig. 4 A-A'' ). During subsequent development, the Pitx domain expands posteriorly, with more cells in the CNS starting to express the gene (Fig. 4 B-C''). Tlx expression in this posterior CNS domain is limited to two bilateral clusters of cells, first detectable at 18 hpf (Fig. 6 A-A') . The overall number of cells in these two Tlx clusters does not increase significantly during subsequent development (Fig. 6 B-D' ). Finally, Prdm12 is expressed in a few cells just posterior to the PPS at 30 hpf (Fig. 7 C,C' ), and this domain is expanded posteriorly at 36 hpf (Fig. 7 D,D' ). Inhibition of CYP26 function does not alter the expression of Pax2/5/8 (Fig. 3 E-H'') , En (Fig. 2 F-J') , Pitx (Fig. 4 D-F'') or Prdm12 (Fig. 7 G-H' ) and thus only affects Tlx in the posterior CNS: the overall number of Tlx-positive cells in the two clusters is increased at 36 hpf to between seven and eight cells (Fig. 6 H,H' ). Similar to CYP26 inhibition, exogenous RA exclusively increases the number of Tlx-positive cells at 36 hpf (Fig. 6 L,L' ) and does not impact the expression of Pax2/5/8 (Fig. 3 I-L'') , En (Fig. 2 K-O') , Pitx (Fig. 4 G-I'') or Prdm12 (Fig. 7 K-L') . Interestingly, while the RAR antagonist also does not affect Pax2/5/8 (Fig. 3 M-P'') and En (Fig. 2 P-T' ) expression, at 36 hpf, BMS493 treatments strongly reduce the number of cells expressing either Tlx (Fig. 6 P,P') or Pitx (Fig. 4 L-L'' ) and completely abolish expression of Prdm12 in this posterior CNS territory (Fig. 7 P,P' ). These results indicate that RA signaling is required for the specification of neural cell populations in the posterior amphioxus CNS. Given the severe effects caused by downregulation of RA signaling activity and the concurrent paucity of phenotypic changes induced by its upregulation, it is likely that this posterior region of the CNS requires high RA signaling levels for proper developmental patterning.
In sum, these data suggest that neuronal populations located at different positions along the A-P axis of the developing amphioxus CNS require different levels of RA signaling activity for their specification. Furthermore, our results reveal roles for CYP26 in distinctive A-P territories of the amphioxus CNS, some of which do not express CYP26 genes (Carvalho et al., 2017) . It is thus conceivable that, as in vertebrates (Hernandez et al., 2007; White et al., 2007) , one of the functions of CYP26 enzymes in amphioxus is to establish a RA gradient that is required for proper regional patterning along the A-P axis of the developing CNS.
Discussion
In the present study, we used pharmacological inhibition of CYP26 function to study the influence of CYP26 enzymes on the modulation of RA signaling activity during amphioxus development. The characterization of CYP26-2 expression, a known direct target of RA signaling in amphioxus (Carvalho et al., 2017) , allowed us to identify tissues where RA degradation might be essential during development. The characterization of marker gene expression following CYP26 inhibition subsequently revealed that CYP26 function is required for patterning the anterior endoderm, the general ectoderm as well as the CNS, while it might be dispensable for mesoderm development. Although the latter notion is consistent with previous studies in amphioxus suggesting that disruption of RA signaling does not affect mesodermal patterning (Bertrand et al., 2015; Schubert et al., 2005) , further work is needed to unequivocally demonstrate that amphioxus mesoderm development is not regulated by RA signaling. Finally, comparisons of CYP26 inhibition with the global increase (i.e. RA treatment) or reduction (i.e. RAR antagonist treatment) of RA signaling activity yielded insights into the tissue specificity of CYP26 action in developing amphioxus embryos and larvae.
In general, CYP26 inhibition and exogenous RA induce comparable defects during amphioxus development, which is consistent with our current understanding of the feedback loops controlling endogenous RA levels (Carvalho et al., 2017) . However, our experiments revealed that RA treatments induce marker gene expression changes significantly earlier than CYP26 inhibition. This is the case, for example, for endodermal expression of Pax2/5/8, Pitx, and Pax6, for ectodermal expression of Pax6 and Tlx as well as for CNS expression of Pax6. These differences can at least partially be explained by the nature of the treatments, i.e. a local increase of RA levels by inhibition of CYP26-dependent degradation versus a global induction of RA signaling activity by exogenous RA treatment. Nonetheless, the developmental effects elicited by R115866 and RA are generally very similar, suggesting that in amphioxus, as in vertebrates, the CYP26-mediated creation of local RA sinks is fundamental for the establishment of global RA signaling activity in the embryo (Rydeen et al., 2015; White et al., 2007) .
In vertebrates, the activity of RA synthesizing and degrading enzymes in the developing embryo have been shown to create a RA gradient that mediates RA signaling-dependent patterning along the A-P axis (Hernandez et al., 2007; Rydeen et al., 2015; Schilling et al., 2016; Shimozono et al., 2013; White et al., 2007) . During amphioxus development, CYP26-2 is expressed very conspicuously in the anterior general ectoderm, CNS, endoderm, and mesoderm (Carvalho et al., 2017) , while genes encoding RA production enzymes of the RALDH family are expressed in the posterior half of the embryo in endoderm and mesoderm (Sobreira et al., 2011) . Hence, comparable to the situation in vertebrates, a RA gradient likely exists in developing amphioxus and functions in A-P patterning of the embryo. This morphogen gradient would be characterized by high endogenous RA concentrations in the region of RALDH activity posteriorly that decrease towards the anterior tip of the embryo and larva, with this decrease being ensured by the presence of CYP26-2. In addition, given that amphioxus CYP26-2 is also expressed in the posterior-most ectoderm, albeit very inconspicuously (Carvalho et al., 2017) , it is further conceivable that a second RA gradient is set up along the posterior region of the A-P axis. This second RA gradient would then be characterized by RA concentrations that decrease from the RALDH source located in the posterior trunk region towards the CYP26 sink in the posterior-most ectoderm. Similar RA gradients have been reported along the A-P axis of vertebrate embryos, where they assume patterning functions, for example, in the developing brain (Schilling et al., 2016; Shimozono et al., 2013) . Taken together, these observations suggest that RA-dependent regionalization by the differential interpretation of such morphogen gradients already patterned embryos and larvae of the last common ancestor of amphioxus and vertebrates.
Although future work, using, for example, in vivo imaging tools developed in vertebrates (Schilling et al., 2016; Shimozono et al., 2013) , will be required to unequivocally demonstrate the existence of RA gradient(s) in amphioxus, it is nonetheless tempting to speculate, which tissues might be regulated by a morphogen gradient during amphioxus development. In general, they should be characterized by highly regionalized responses to RA along the A-P axis. While our results indicate functions for RA signaling and CYP26 enzymes in the developing CNS, ectoderm, and endoderm, we were unable to identify any in the mesoderm. This contrasts with the situation in vertebrates, where RA signaling and CYP26 enzymes are required for the proper development of different mesodermal derivatives, including, for example, the cardiovascular system and vertebrae (Rydeen and Waxman, 2014; Sakai et al., 2001) . These regulatory differences are consistent with the hypothesis that, in the course of chordate evolution, mesoderm-specific functions for RA signaling and CYP26 evolved specifically in the lineage leading to extant vertebrates, after its split from the amphioxus lineage (Carvalho et al., 2017) .
RA signaling in the amphioxus endoderm is known to define the posterior limit of the pharynx by activating the expression of Hox1 in the foregut, hence limiting the expression of pro-pharyngeal genes to the pharyngeal endoderm (Schubert et al., 2005) . However, it remains elusive, whether the Hox1-dependent regionalization of the amphioxus endoderm is the result of a graded response to RA, and the experimental evidence presented here did not yield additional information to clarify this issue. RA signaling, and in particular CYP26 function, has further been implicated in the development of specific structures in the pharyngeal, i.e. anterior, endoderm, including the mouth and the anterior gill slits (Carvalho et al., 2017; Koop et al., 2014) . Our results are coherent with these previous reports, as they show that the pharmacological inhibition of CYP26 leads to the downregulation of genes, such as Pax2/5/8, Pitx, and Pax6, which are expressed in specific pharyngeal structures, such as the mouth, the anterior gill slits, the endostyle as well as Hatschek's left and right diverticula. Consistently, CYP26-2 expression is particularly conspicuous in the anterior pharyngeal compartment that comprises these structures (Carvalho et al., 2017; Koop et al., 2014) . One of them, Hatschek's left diverticulum, will give rise to Hatschek's pit, the likely amphioxus homolog of the vertebrate adenohypophysis (Kozmik et al., 2007) . Adenohypophysis development in amphioxus might thus take place in a RA-free environment, which contrasts with the situation in vertebrates, where the formation of Rathke's pouch, i.e. of the adenohypophyseal placode Schlosser et al., 2014) , requires RA signaling (Maden et al., 2007) . It is likely that this inverse dependence on RA is correlated with the different embryonic origins of Hatschek's left diverticulum in amphioxus and the adenohypophyseal placode in vertebrates: while the former arises as a pouch from the anterior gut and is thus derived from the endoderm, the latter is formed by invagination from the stomodeal ectoderm Schlosser et al., 2014) .
In the amphioxus ectoderm, previous studies have already established a role for RA signaling in patterning the general ectoderm and in controlling the distribution of ESNs along its A-P axis . Even though CYP26-2 is expressed in both the anterior-most and posterior-most amphioxus ectoderm (Carvalho et al., 2017) , our marker gene analyses did not yield results that are indicative of a functional RA gradient in the general ectoderm. While CYP26 function is known to be required in the posterior ectoderm for tail fin development (Carvalho et al., 2017) , it also seems to be involved in the regulation of Pax6 anteriorly. Of note, the Pax6-positive territory in the rostral ectoderm of amphioxus contains specific populations of chemosensory cells (Lacalli and Hou, 1999) and has been proposed to be homologous to the olfactory placode of vertebrates . Although RA signaling has been implicated in olfactory placode development in vertebrates, for example in the production and maintenance of Pax6-positive progenitor cells (Paschaki et al., 2013) , a role for CYP26 in this process still remains elusive.
Finally, our data are coherent with the existence of a graded response to RA signaling in the amphioxus CNS. Indeed, at least three domains along the A-P axis of the CNS seem to react differently to alterations of endogenous RA signaling levels: (1) the CV, which represents the homolog of the forebrain and midbrain regions of vertebrates, (2) the region located posterior to the CV and anterior to the PPS that corresponds to the anterior and center of the vertebrate hindbrain, and (3) the region of the CNS located posterior to the PPS, which is the equivalent of the vertebrate posterior hindbrain and spinal cord (Albuixech-Crespo et al., 2017; Candiani et al., 2012) . In the CV, which expresses CYP26-2, the upregulation of RA signaling induces the mispatterning of Pax6 and Tlx expression, while no effect is induced by RA signaling inhibition, suggesting that this domain requires very low levels of RA during development. In the intermediary region of the CNS, located posterior to the CV and anterior to the PPS, treatment with either the CYP26 inhibitor, RA or the RAR antagonist affected Tlx and Prdm12 expression, suggesting that both abnormally high and low RA signaling levels lead to mispatterning of specific neuronal populations, which in turn is consistent with an intermediate endogenous RA signaling activity in this CNS territory. Finally, in the domain located posterior to the PPS, RAR antagonist treatments selectively abolish Pitx as well as Prdm12 expression, while both the CYP26 inhibitor and RA do not affect these domains of Pitx and Prdm12. The specification of these two neuronal populations, Pitxor Prdm12-positive, thus requires sustained RA signaling activity, which is readily provided in this territory of the CNS located in close proximity to the main source of endogenous RA in the posterior mesoderm and endoderm (Sobreira et al., 2011) .
Of note, inhibition of CYP26 function affects the expression of marker genes in the CNS not only in the anterior region characterized by conspicuous CYP26 expression, but also in both posterior territories marked by an absence of CYP26 expression (Carvalho et al., 2017) . We interpret these results as strong indications for the existence, along the A-P axis, of a CYP26-dependent RA gradient that conveys positional information to the developing amphioxus CNS. A functional readout of this morphogen gradient could then be the activation of collinear Hox expression along the A-P axis of the amphioxus CNS, which is known to be under the control of RA signaling (Schubert et al., 2006) . It is further conceivable that individual cells along the A-P gradient elicit different responses to RA depending on their cellular environments. The RA concentration gradient might hence also establish cell type specificity in the developing amphioxus embryo, a notion that has previously been proposed for both the amphioxus CNS and general ectoderm Schubert et al., 2006) .
Taken together, in this study, we provide evidence for the tissuespecific action of CYP26 enzymes during amphioxus development. Furthermore, we establish that, similar to the situation in vertebrates, amphioxus CYP26 enzymes act with other components of the RA pathway to set up a RA gradient along the A-P axis that is required for patterning at least the developing CNS. The evolution of a RA morphogen gradient functioning during development to convey A-P patterning information might thus date back to the origin of chordates.
Materials and Methods
Amphioxus adult husbandry, embryo rearing, and pharmacological treatments
Sexually mature European amphioxus (B. lanceolatum) were collected by dredging in Argelès-sur-Mer, France, and retrieved from the sand by sieving. After transportation, animals were transferred into tanks, with about 10 to 15 adults per aquarium. The water temperature was kept constant at 16 to 17°C, and the animals were maintained under a spring-like day/night period (14 hours of light and 10 hours of absolute darkness). Spawning was induced by a 36-hour thermal shock at 23°C, as previously described (Fuentes et al., 2004) . Following in vitro fertilization, embryos were reared in artificial seawater at 19°C in complete darkness. Pharmacological treatments were performed at the late blastula stage (6 hpf) with the CYP26 inhibitor R115866 (at 0.5 mM) (provided by Janssen Research & Development, a division of Janssen Pharmaceutica NV, Beerse, Belgium), all-trans RA (at 0.1 mM) (Sigma-Aldrich, Saint-Quentin Fallavier, France), and the RAR antagonists BMS493 (at 1 mM) (Sigma-Aldrich, Saint-Quentin Fallavier, France). The compounds were dissolved in dimethyl sulfoxide (DMSO) to obtain a 1000X stock solution and subsequently added to the cultures in a 1:1000 dilution to yield the respective final concentrations. As controls, cultures were treated with DMSO alone at a final dilution of 1:1000.
Gene cloning, in situ hybridization and imaging
Total RNA was extracted from B. lanceolatum embryos at different developmental stages according to established protocols , and cDNA was synthesized using the SuperScriptIII reverse transcription kit (Invitrogen, Cergy Pontoise, France). B. lanceolatum CYP26-2, En, Pax2/5/8, Pitx, Pax6, Tlx, and Prdm12 were amplified by PCR using the gene-specific primers listed in Table 1 and cloned into commercially available vectors. The obtained clones were subsequently validated by sequencing on both strands. Gene accession numbers are as follows: CYP26-2 (KX118108), En (KP235487), Pax2/5/8 (EU685298), Pitx (EU685299), Pax6 (MF536418), Tlx (KY569298), and Prdm12 (KP235486). For in situ hybridization, following the treatments, B. lanceolatum embryos and larvae were cultured and subsequently fixed in 4% paraformaldehyde at different developmental stages, between the late gastrula and early larva stages (i.e. between 12 and 36 hpf), as previously described . Antisense riboprobe synthesis and in situ hybridization experiments were subsequently performed following the established protocols . After in situ hybridization, B. lanceolatum embryos and larvae were photographed as whole mounts using Zeiss DIC (differential interference contrast) optics and an AxioCam ERc 5s camera (Carl Zeiss SAS, Marly-le-Roi, France). Adobe Photoshop CS6 was used for the calculation of maximal projections and for image processing. For each gene, all assayed stages (from 12 to 36 hpf) were photographed and subsequently analyzed. 
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